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OPTICAL TOMOGRAPH USING A 
PLURALITY OF WAVELENGTH-SWEPT 

LIGHT BEAMS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an optical tomograph that 
obtains optical tomographic images by OCT (Optical Coher 
ence Tomography) measurement. 

2. Description of the Related Art 
Conventionally, optical tomographs that utiliZe OCT mea 

surement are used to obtain optical tomographic images of 
living tissue. In these optical tomographs, a loW coherence 
light beam emitted from a light source is divided in to a 
measuring light beam and a reference light beam. Thereafter, 
a re?ected light beam, Which is the measuring light beam 
re?ected or backscattered by a measurement target When the 
measuring light beam is irradiated onto the measurement 
target, is combined With the reference light beam. Tomo 
graphic images are obtained, based on the intensity of a 
coherent light beam obtained by combining the re?ected light 
beam and the reference light beam. Hereinafter, the light 
beam, Which is re?ected or backscattered by the measurement 
target, Will be collectively referred to as a “reference light 
beam”. 
OCT measurement can be roughly divided into tWo types, 

TD-OCT (Time Domain Optical Coherence Tomography) 
and FD-OCT (Fourier Domain Optical Coherence Tomogra 
phy). In TD-OCT measurement, the intensity of the interfer 
ence light beam is measured While changing the optical path 
length of the reference light beam. Thereby, intensity distri 
butions of the re?ected light beam corresponding to measur 
ing positions in the depth direction of the measurement target 
(hereinafter, referred to as “depth positions”) are obtained. 
On the other hand, in FD-OCT measurement, the optical 

path lengths of the reference light beam and the signal light 
beam are not changed. The intensity of the interference light 
beam is measured for each spectral component thereof, and 
frequency analysis, such as Fourier transform, is adminis 
tered on the obtained spectral interference intensity signals. 
Thereby, intensity distributions of the re?ected light beam 
corresponding to the depth positions of the measurement 
target are obtained. FD-OCT measurement has been gather 
ing attention recently as a method that enables high speed 
measurement, due to the mechanical scanning associated 
With TD-OCT measurement being obviated. 

Optical tomographs that perform SD-OCT (Spectral 
Domain Optical Coherence Tomography) measurement and 
optical tomographs that perform SS-OCT (SWept Source 
Optical Coherence Tomography) measurement are tWo types 
of optical tomographs that employ FD-OCT measurement. In 
an SD-OCT optical tomograph, a Wide band loW coherence 
light beam is emitted from an SLD (Super Luminescent 
Diode), an ASE (Ampli?ed Spontaneous Emission) light 
source, or a White light source. The Wide band loW coherence 
light beam is divided into a measuring light beam and a 
reference light beam by a Michelson interferometer or the 
like. Thereafter, the measuring light beam is irradiated onto a 
measurement target, and a re?ected light beam re?ected by 
the measurement target is caused to interfere With the refer 
ence light beam. The interference light beam formed thereby 
is spectrally decomposed into each frequency component by 
a spectrometer, and the intensity of each frequency compo 
nent of the interference light beam is measured by a detector 
array, in Which elements such as photodiodes are provided in 
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2 
an array. A computer administers Fourier transform on the 
obtained spectral interference intensity signals, to obtain a 
tomographic image. 

Meanwhile, an SS-OCT optical tomographs utiliZes a light 
source that periodically sWeeps the frequency of a laser beam. 
Re?ected light beams of each Wavelength are caused to inter 
fere With reference light beams of each Wavelength. Temporal 
Waveforms of signals corresponding to the temporal varia 
tions in the frequency of the laser beam are measured, and a 
computer administers Fourier transform on the obtained 
spectral interference intensity signals, to obtain a tomo 
graphic image. 

In order to obtain higher resolution and higher image qual 
ity tomographic images With an OCT apparatus, it is neces 
sary for the Wavelength band of light emitted by a light source 
to be Wide, and to increase data points corresponding to the 
Wide Wavelength band. HoWever, SD-OCT apparatuses com 
monly detect each Wavelength of interference light beams 
With detector arrays, in Which elements such as photodiodes 
are provided in an array. Therefore, the number of data points 
is limited by the number of elements provided in the detector 
array. If the number of elements of the detector array is to be 
increased in order to increase the number of data points, cost 
increases, productivity decreases, and measurement rates 
deteriorate, Which is not favorable. In contrast, the number of 
data points can be increased in SS-OCT apparatuses by 
increasing the sampling frequency of a circuit that converts 
photoelectric current from a detector to digital values, assum 
ing that the frequency sWeeping period of the light source is 
constant. Therefore, the number of data points can be 
increased at loW cost, While maintaining measurement rates 
in SS-OCT apparatuses. 

In each type of OCT measurement described above, it is 
knoWn that the use of a measuring light beam having a Wide 
spectral Width improves spatial resolution (refer to Japanese 
Unexamined Patent Publication No. 2002 -2 l 4 l 25). Japanese 
Unexamined Patent Publication No. 2002-214125 discloses a 
method for Widening the spectral Width of a measuring light 
beam, in Which a plurality of light sources that each emit light 
beams having a different spectral band are used, and an opti 
cal integrator integrates the light beams emitted from the 
plurality of light sources, to obtain a single light beam. 

With respect to SD-OCT measurement, Japanese Unexam 
ined Patent Publication No. 2001-264246 discloses a method 
in Which light beams, Which are emitted by a plurality of gain 
media that have overlapping Wavelength bands, are combined 
to form a continuous spectrum. With respect to SS-OCT 
measurement, Japanese Unexamined Patent Publication No. 
2006-047264 discloses a con?guration in Which light beams 
emitted from a plurality of Wavelength scanning light sources 
(each constituted by a gain medium and a Wavelength select 
ing element) are combined. As another example, US. Pat. No. 
6,665,320 discloses a con?guration in Which light beams 
emitted from a plurality of gain media are combined, and a 
single Wavelength selecting element controls the plurality of 
gain media. 
As described above, light beams emitted from a plurality of 

light sources are combined in order to obtain high spatial 
resolution. HoWever, if the plurality of light beams having 
different Wavelengths are simultaneously irradiated onto a 
measurement target, the interference data becomes mixed and 
undetectable, because the detector is constituted by single 
elements in conventional SS-OCT apparatuses. 

For this reason, the apparatuses disclosed in Japanese 
Unexamined Patent Publication No. 2006-042764 and US. 
Pat. No. 6,665,320 are con?gured such that a light beam that 
enters a detector at a given time is of a single Wavelength by 
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controlling the light source or by providing switching ele 
ments. This con?guration enables the use of a Wide band 
measuring light beam, but it takes time to irradiate all of the 
Wavelength bands of the measuring light beam, and as a 
result, a problem arises that the measurement rate decreases. 

SUMMARY OF THE INVENTION 

The present invention has been developed in vieW of the 
foregoing circumstances. It is an object of the present inven 
tion to provide an optical tomograph Which is capable of 
obtaining high resolution tomographic images at high speeds. 
An optical tomograph of the present invention comprises: 
a light source unit for emitting a plurality of light beams, 

the Wavelengths of each of Which are periodically sWept 
Within different predetermined Wavelength bands respec 
tively; 

light dividing means, for dividing each of the light beams 
emitted from the light source unit into a measuring light beam 
and a reference light beam; 

combining means, for combining re?ected light beams, 
Which are the measuring light beams re?ected by a measure 
ment target When the measuring light beams are irradiated 
thereon, With the reference light beams divided by the light 
dividing means; 

interference light detecting means, for detecting an inter 
ference light beam, Which is formed by the re?ected light 
beam and the reference light beam being combined by the 
combining means, for each of the light beams as an interfer 
ence signal; and 

tomographic image processing means, for generating a 
tomographic image of the measurement target employing the 
plurality of interference signals detected by the interference 
light detecting means. 

Here, the light source unit maybe of any construction as 
long as it emits a plurality of light beams. For example, the 
light source unit may be constituted by single light source that 
emits a plurality of light beams, or by a plurality of Wave 
length variable light sources. 

Note that the Wavelength bands of each light beam may be 
discrete, or may overlap each other. The plurality of light 
beams emitted from the light source unit may form a continu 
ous spectrum or a discontinuous spectrum. The Widths of the 
Wavelength bands of each light beam may or may not be 
uniform. 

Note that it is preferable for the same number of interfer 
ence light detecting means to be provided as the number of 
light beams, such that the interference light beam correspond 
ing to each light beam can be detected separately. 

The optical tomograph of the present invention may be 
con?gured such that: at least tWo of the plurality of light 
beams emitted from the light source unit have discrete Wave 
length bands and continuous spectra Within their respective 
Wavelength bands; and the tomographic image processing 
means generates a tomographic image of a single portion of 
the measurement target, employing the interference signals 
obtained from the at least tWo light beams. 

Alternatively, the optical tomograph of the present inven 
tion may be con?gured such that: at least tWo of the plurality 
of light beams emitted from the light source unit have Wave 
length bands that overlap; and an optical ?lter for shielding 
light of the overlapping Wavelength band is provided in the 
optical path betWeen the light source unit and the interference 
light detecting means. 
As a further alternative, the optical tomograph of the 

present invention may be con?gured such that: at least tWo of 
the plurality of light beams emitted from the light source unit 
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4 
have Wavelength bands that overlap; and the tomographic 
image processing means removes interference signals 
obtained based on the light of the overlapping Wavelength 
band. 

The optical tomograph of the present invention may com 
prise: a separate light dividing means and a separate combin 
ing means are provided for each of the light beams emitted 
from the light source unit. 

Note that in the present speci?cation, the term “discrete 
Wavelength bands” refers to the Wavelength bands of tWo 
light beams having a Wavelength band having a light intensity 
of approximately — l 0 db With respect to the peak Wavelengths 
of the tWo light beams. That is, “discrete Wavelength bands” 
refer to Wavelength bands having a Wavelength band having 
an intensity too loW to contribute to OCT measurement ther 
ebetWeen. In the case that the peak intensities of the tWo light 
beams are different, the loWer peak intensity is employed to 
calculate the difference betWeen the peak intensity and the 
loW intensity Wavelength band. The phrase “Wavelength 
bands that overlap” refers to the opposite of the above. 

Similarly, the term “discontinuous spectrum” refers to the 
spectrum of a light beam, in Which a loW intensity Wavelength 
band having an intensity of approximately —l0 db With 
respect to the peak intensity of the light beam, is present 
Within a Wavelength band su?iciently greater than a fre 
quency band sampling interval, Which is measured in PD 
OCT measurement. That is, the “discontinuous spectrum” is 
a spectrum in Which there are Wavelength bands having an 
intensity too loW to contribute to OCT measurement, Within a 
Wavelength band su?iciently greater than the frequency band 
sampling interval. The term “continuous spectrum” refers to 
the opposite of the above. Note that in light beams such as 
those emitted by semiconductor lasers, in Which the fre 
quency are modulated in a stepped manner, and those emitted 
by light sources that employ frequency combs to emit light 
beams having Wide bands of densely arranged linear spectra, 
the intervals betWeen the discrete Wavelength bands are equal 
to or narroWer than the frequency sampling intervals mea 
sured in FD-OCT measurement. Therefore, such light beams 
are considered to have continuous spectra. 

In the present speci?cation, the term “spectrum” refers not 
to an instantaneous spectrum, but the distribution of light 
intensities With respect to Wavelengths over the entire time 
that the light beams are being emitted, unless otherWise 
noted. 

The optical tomograph of the present invention comprises: 
a light source unit for emitting a plurality of light beams, the 
Wavelengths of each of Which are periodically sWept Within 
different predetermined Wavelength bands respectively; and a 
plurality of interference light detecting means, each for 
detecting an interference light beam corresponding to each of 
the plurality of light beams as an interference signal. There 
fore, When the plurality of light beams having different Wave 
lengths are simultaneously irradiated on the measurement 
target, the interference light beams generated thereby do not 
mix With each other, and the plurality of interference signals 
corresponding to each light beam can be obtained simulta 
neously. Accordingly, the measurement rate can be improved 
compared to conventional tomographs, and high resolution 
tomographic images can be obtained at high speed. It is 
necessary to synchroniZe and control the light source units of 
conventional optical tomographs to limit the Wavelength of a 
light beam that enters a detector. HoWever, the optical tomo 
graph of the present invention obviates such control, and the 
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apparatus can be simpli?ed. In addition, each of the interfer 
ence light detecting means can be of a specialized structure 
for detecting the interference light beam corresponding to the 
Wavelength band of each light beam. Therefore, the detection 
accuracy of the interference light detecting means can be 
improved, thereby improving the resolution of the tomo 
graphic image. Further, the need for the components to be 
employed in the interference light detecting means to detect a 
Wide band light beam is obviated, ad it is only necessary for 
the components to be capable of detecting the speci?c Wave 
length band of each light beam. Accordingly, the constraints 
placed on the optical tomograph are lessened compared to 
conventional optical tomographs, general purpose compo 
nents can be employed, and the structure of the apparatus can 
be simpli?ed. 

The optical tomograph of the present invention may be 
con?gured such that: at least tWo of the plurality of light 
beams emitted from the light source unit have discrete Wave 
length bands and continuous spectra Within their respective 
Wavelength bands; and the tomographic image processing 
means generates a tomographic image of a single portion of 
the measurement target, employing the interference signals 
obtained from the at least tWo light beams. In this case, 
tomographic images having high image quality equivalent to 
those obtained by Wide band light sources having continuous 
spectra, or by combinations of light sources that form a con 
tinuous spectrum over a Wide band can be obtained employ 
ing interference signals obtained from a plurality of light 
beams emitted from the light source unit having a simple 
structure. 

The optical tomograph of the present invention may be 
con?gured such that: at least tWo of the plurality of light 
beams emitted from the light source unit have Wavelength 
bands that overlap; and an optical ?lter for shielding light of 
the overlapping Wavelength band is provided in the optical 
path betWeen the light source unit and the interference light 
detecting means. In this case, the plurality of interference 
light beams corresponding to the light beams having the 
overlapping Wavelength bands can be positively separated 
and detected. 

The optical tomograph of the present invention may be 
con?gured such that: at least tWo of the plurality of light 
beams emitted from the light source unit have Wavelength 
bands that overlap; and the tomographic image processing 
means removes interference signals obtained based on the 

light of the overlapping Wavelength band. In this case, the 
plurality of interference light beams corresponding to the 
light beams having the overlapping Wavelength bands can be 
positively separated. 

The optical tomograph of the present invention may com 
prise: a separate light dividing means and a separate combin 
ing means are provided for each of the light beams emitted 
from the light source unit. In this case, the light dividing 
means and the combining means can be optimiZed for the 
Wavelength band of each of the light beams, and the resolu 
tion of obtained tomographic images can be improved. Fur 
ther, the need for the components to be employed in the light 
dividing means and the combining means handle a Wide band 
light beam is obviated, ad it is only necessary for the compo 
nents to be capable of handling the speci?c Wavelength band 
of each light beam. Accordingly, the constraints placed on the 
optical tomograph are lessened compared to conventional 
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6 
optical tomographs, general purpose components can be 
employed, and the structure of the apparatus can be simpli 
?ed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a ?rst embodiment 
of the present invention. 

FIG. 2A is a graph that illustrates the manner in Which the 
Wavelengths of light beams emitted by the light source unit of 
FIG. 1 are sWept. 

FIG. 2B is a graph that illustrates the spectra of the light 
beams emitted by the light source unit of FIG. 1. 

FIG. 3 is a block diagram that illustrates a example of the 
construction of a tomographic image processing means of 
FIG. 1. 

FIG. 4 is a graph that illustrates an example of an interfer 
ence light beam detected by an interference light detecting 
means ofFIG. 1. 

FIG. 5 is a table that illustrates tomographic data regarding 
each depth position Within a measurement target, obtained by 
administering frequency analysis on the interference light 
beam detected by the interference light detecting means of 
FIG. 1. 

FIG. 6 is a diagram that illustrates the method by Which 
tomographic data is generated from a plurality of pieces of 
intermediate tomographic data, by the tomographic image 
processing means of FIG. 1. 

FIG. 7 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a second embodi 
ment of the present invention. 

FIG. 8A is a graph that illustrates the spectra of light beams 
emitted by a light source unit of FIG. 7. 

FIG. 8B is a graph that illustrates the spectra of the light 
beams of FIG. 7 after an optical ?lter is applied. 

FIG. 9 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a third embodiment 
of the present invention. 

FIGS. 10A, 10B, 10C, and 10D are graphs for explaining 
the operation of a modi?cation to the third embodiment of the 
present invention. 

FIG. 11 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a fourth embodi 
ment of the present invention. 

FIG. 12 is a diagram for explaining a FiZeau interferometer 
of FIG. 11. 

FIG. 13 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a ?fth embodiment 
of the present invention. 

FIG. 14 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a sixth embodiment 
of the present invention. 

FIG. 15 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to a seventh embodi 
ment of the present invention. 

FIG. 16 is a diagram that illustrates the schematic construc 
tion of an optical tomograph according to an eighth embodi 
ment of the present invention. 

FIG. 17 is a diagram that illustrates an example of combin 
ing light beams from four light sources. 

FIG. 18 is a diagram that illustrates another example of 
combining light beams from four light sources. 


























